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Thermal ionization of F centres
A B S T R A C T
New features of isothermal build-up of thermally stimulated luminescence (TSL) related to deep traps in anion-
deficient alumina single crystals are revealed. It was found that the TSL build-up at 630–750 K depends on the
structure of the glow curve and is associated with the presence of a high-temperature component with
Tm=700 K. Isothermal TSL build-up for the peak at 573 K is well expressed in UV-irradiated samples and is very
weak after sample irradiation by a pulsed electron beam. The TSL build-up for this peak is registered for the
luminescence of F centres but is absent for the emission of F22+ centres and chromium ions. The obtained results
confirm the validity of the kinetic model of the TSL build-up that takes into account the process of thermal
ionization of the excited states of F centres in aluminum oxide.
1. Introduction
Electronic structure, optical properties and the processes of radia-
tion damage of aluminum oxide (α-Al2O3), that possesses technological,
mineralogical and catalytic importance, have been the subject of
thorough and long-term experimental and theoretical studies (see, for
instance (Itoh and Stoneham, 2000; Valbis and Itoh, 1991; French et al.,
1994; Kotomin et al., 1994; Evans, 1995; Kirm et al., 1999; Bos, 2001;
Lushchik et al., 2008; Makhov et al., 2008; Popov et al., 2018), and
references therein). Among numerous applications, a particular atten-
tion has been paid to the use of alumina as highly sensitive luminescent
detectors of ionizing radiation (Akselrod et al., 1990; McKeever et al.,
1999; Nikiforov et al., 2014; Surdo et al., 2016; Nikiforov and Kortov,
2017). So-called TLD-500 detectors are based on anion-deficient
(sometimes named in literature as anion-defective) α-Al2O3 with high
concentration of as-grown oxygen vacancies, which is named in lit-
erature as Al2O3:C.
The luminescence properties of dosimetric α-Al2O3 crystals are
largely affected by the presence and occupancy of deep traps (DT)
(Milman et al., 1998; Yukihara et al., 2003; Nikiforov and Kortov, 2010;
Surdo et al., 2014). Therefore, the study of the role of deep trapping
centres in charge carrier transfer and thermally stimulated lumines-
cence (TSL) is an important task. In practical terms, the investigation of
TSL features for deep traps is rather relevant in view application
prospects in dosimetry of high-dose (above 1 kGy) ionizing radiation
(Nikiforov et al., 2014; Nikiforov and Kortov, 2014).
TSL associated with deep traps was found in anion-deficient crystals
of aluminum oxide after irradiation with various types of radiation.
Irradiation with a high-current pulsed electron beam (130 keV) gives
rise to TSL in the region of 500–600, 630–750 and 800–870 K
(Nikiforov et al., 2014). An unusual effect of isothermal TSL build-up
has been found for the peak at 700 K in the crystals irradiated with such
beam (Nikiforov et al., 2017). The phenomenon of TSL build-up cannot
be explained in the framework of the standard two-level model of TSL.
A model of the build-up that takes into account the process of
thermal ionization of the excited states of F centres has been proposed
(Nikiforov et al., 2017). A simplified energy band diagram of the model
is presented in Fig. 1. It includes an F centre (two electrons trapped by
an oxygen vacancy) and a deep electron trap, DET. It is known that the
F-centre has one ground (1S) and two excited states (1P and 3P) (Evans,
1995). The singlet excited state 1P is located near the bottom of the
conduction band, so the probability of 1P state ionization can be con-
sidered as temperature-independent. The PF transition is a process of
thermal ionization of the triplet excited (3P) state of the F centre, its
probability is described by the Boltzmann factor (Nikiforov et al.,
2017). The electrons released from the DET during thermal stimulation
(transition P) are captured by F+ centres (one electron in an oxygen
vacancy, transition γ) with the formation of F centres in the excited
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state. Thermal ionization of the 3P excited state of F centres leads to the
significant electron inflow in the conduction band when the linear
heating of an irradiated sample is terminated and an isothermal stage of
TSL begins. Such excess of conduction electrons, which can be further
trapped by recombination centres with the following luminescence, is a
reason for TSL build-up in the model under discussion.
Calculations carried out in accordance with this model demon-
strated good agreement of calculated intensity and duration of TSL
build-up with the experimental values obtained at different tempera-
tures and heating rates. In addition, the proposed model does not
contradict to the absence of the build-up for the TSL at 800–870 K,
associated with deep hole traps.
It should be noted that the above-mentioned model ascribing the
TSL build-up with the participation of F-centre excited states in alumina
has not been supported by some authors (Pagonis et al., 2011;
Chithambo et al., 2014). In particular, the data on thermally stimulated
conductivity of α-Al2O3:C have been reported to contradict the me-
chanism based on the PF transition leading to thermal ionization of the
F-centre triplet excited state (Pagonis et al., 2011). Therefore, addi-
tional experimental study is needed to verify the proposed model. In
particular, spectral and kinetic characteristics of isothermal TSL decay
should be carefully studied for other TSL peaks (for example, at 570 K)
after different types of sample irradiation.
The aim of the present work is to study isothermal decay in the TSL
peaks associated with deep traps and to obtain new data verifying the
TSL model, which involves the thermal ionization of excited F centres.
2. Samples and experimental methods
The samples of commercial ionizing radiation detectors TLD-500
made of Al2O3 single crystals were studied. The detectors were in the
shape of discs 1mm thick and 5mm in diameter. The samples were
irradiated by UV light from a 150W xenon lamp or an electron beam
from a RADAN EXPERT accelerator at room temperature. The pulse
duration of electron beam was 2 ns, mean electron energy (130 ± 1)
keV, the current density 60 A/cm2. The absorbed dose of 1.5 kGy under
irradiation by a single pulse was determined with a film dosimeter
(Afanas'ev et al., 2005).
The technique of the measurements of isothermal TSL decay was as
follows:
1) the samples were irradiated by a pulsed electron beam or UV light;
2) the samples were heated linearly with a selected rate (2 or 0.5 K/s)
up to a specified temperature of an isothermal measurement (Tis);
3) the specified temperature Tis was kept for а certain time (up to
10min), during which the TSL decay curves were measured (an
isothermal stage);
4) the samples were annealed in an oven at 1173 K during 15min for
emptying all charge carrier traps.
TSL was registered by a FEU-142 photomultiplier tube with the
maximum of spectral sensitivity at 200–400 nm. An optical filter СSС-7
(Krasniy Gigant Company, Russia) was used in front of the photo-
multiplier tube to remove heat radiation.
For the spectral studies of isothermal TSL decay, the samples were
irradiated for 15min at room temperature with a 400W deuterium
discharge lamp DDS-400 through an interference filter with a trans-
mission band centered at 205 nm. The TSL emission spectrum was
measured using an ARC SpectraPro 300i grating monochromator
equipped with a CCD detector with a spectral sensitivity in the range of
190–1100 nm. The heating rate was 0.5 K/s. Each emission spectrum
was measured within the temperature interval of 10 K.
Fig. 1. The energy band diagram of the TSL isothermal build-up model that
involves thermal ionization of the excited states of F centres (see text for de-
tails).
Fig. 2. TSL of two typical anion-deficient α-Al2O3 single crystals irradiated by a pulsed electron beam (15 kGy). Heating rate was 2 K/s.
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3. Results and discussion
Fig. 2 demonstrates two typical examples of TSL curves measured
after high-dose irradiation (15 kGy) of the studied crystals by a pulsed
electron beam. It can be seen that the TSL curves contain the main
dosimetric peak at 400–500 K (labelled as MT) as well as several deep-
trap-related peaks (DT1, DT2, DT3). The intensity of deep trap peaks
varied significantly from sample to sample. The nature of deep traps in
the crystals under study has not been reliably established. According to
(Lapraz et al., 1991), the TSL peak at 500–600 K (DT1) is due to the
recharging of chromium impurity ions. In addition, the TSL at
630–750 K has been previously attributed to electron traps, while the
trap associated with the TSL at 800–870 K has a hole nature (Nikiforov
et al., 2014; Yukihara et al., 2003).
In the present paper, new features of TSL build-up for the TSL peak
at 630–750 K (DT2 traps) are revealed in anion-deficient aluminum
oxide irradiated with a pulsed electron beam. Note that a complex
structure of this peak has already been established earlier. This com-
plicity can be illustrated in Fig. 3 using two normalized curves of TSL at
Т=610–740 K. The analysis of TSL shape in this temperature region
allows to separate a so-called group A of samples with the dominant
peak at 660 K (see Figs. 2 and 3, curve 1), while the dominant peak at
700 K (curve 2) has been typical for the samples from the second group
B. In addition, a well-pronounced double-peak TSL has been detected in
several samples as well. The intensity ratio for these two peaks strongly
varies from sample to sample.
The isothermal decay of TSL in the temperature range of DT2 traps
measured for the samples of the two groups is shown in Fig. 4. One can
see that TSL build-up is less noticeable for the samples of group A, in
comparison with the samples of group B. For the samples of group B a
clear tendency can be observed: the amplitude and the build-up dura-
tion of TSL decrease with increasing Tis (see also (Nikiforov et al.,
2017)). A slight increase in the amplitude of the build-up when Tis
changes from 673 to 683 K lies within the limits of measurement errors.
A similar tendency can be noticed also for the group A, however the TSL
build-up is remarkably weaker and completely disappears at higher
temperatures.
In the framework of the model under discussion, the decrease in
amplitude and duration of the TSL build-up with an increase of Tis can
be explained by the fact that the higher Tis in the DT2 range, the larger
number of charge carriers are released from the DT2 traps during the
preliminary linear heating. Consequently, the population of the DT2
traps with electrons is reduced at Tis, and the number of electrons
injected to the conduction band at this temperature is also smaller.
Thus, the effect of TSL build-up is less pronounced at higher tempera-
tures and it completely disappears at sufficiently high Tis (Nikiforov
et al., 2017).
According to (Nikiforov et al., 2014), the TSL peak at 630–750 K is
mainly connected with the depopulation of the DT2 electron traps.
Nevertheless, a simultaneous emptying of some part of hole traps in the
same temperature region is possible as well. The build-up of the TSL in
the peak at 700 K detected in the present paper for the samples of group
B allows us to suggest an electron nature of this peak. On the other
hand, the 660 K peak typical of the samples of group A may be mainly
connected with hole traps, and, in accordance with the model in Fig. 1,
there is no luminescence build-up in this peak.
The isothermal decay was measured also for the TSL peak at 573 K
(DT1) in anion-deficient aluminum oxide after electron or UV irradia-
tion. One can see that the TSL build-up for the DT1 region is evident
after UV irradiation (Fig. 5b), but it is barely noticeable after pulsed
electron beam irradiation (Fig. 5a). Fig. 5b demonstrates also that the
behaviour of TSL related to the DT1 traps is similar to that for the DT2
traps: the amplitude and rise time decrease with increasing value of Tis.
The absence of the correlation between the amplitude/duration of
build-up, on the one hand, and the value of Tis in Fig. 5a, on the other
hand, is tentatively ascribed to measurement inaccuracy caused by
temperature gradient between the sample and heating element, which
becomes more important in the region of weak TSL build-up.
The obtained results can be explained by considering the fact that
the TSL peak at 573 K, known to be associated with the recharging of
chromium ions in Al2O3 (Lapraz et al., 1991), may contain both elec-
tron and hole components. A similar assumption was made in (Lapraz
et al., 1991) to explain the mechanism of luminescence for chromium
ions in ruby. The authors assumed that the Cr3+ impurity luminescence
can be realized through both the recombination of an electron with a
Cr4+ ion and a hole with a Cr2+ ion. Thus, TSL in electron-irradiated
samples can be caused by both electron and hole traps, which are filled
by the radiation-induced electron-hole pairs at the interband transi-
tions. In this case, the resulting isothermal curve is a superposition of
the TSL build-up of electron traps and TSL decay of hole traps, so the
effect of the TSL build-up is less pronounced.
On the other hand, it is known that UV irradiation fills only electron
traps in Al2O3 due to the photoionization of F centres (Summers, 1984).
The excitation of the F centre by UV light leads to the intracentre
transition from the ground state 1S to the excited state 1P. Since the
excited 1P state of the F centre is located close to the bottom of the
conduction band, its ionization occurs resulting in the formation of an
F+ centre and a conduction electron, which can be captured by the
dosimetric (labelled as MT in Fig. 2) and other deep traps. The TSL
related to electron traps in Al2O3 is known to occur due to the emission
of F centres, according to the reaction:
F+ + e → F∗ → F + hν (3 eV)
One can expect that the TSL build-up will be pronounced more
clearly after UV irradiation than after electron irradiation, since its
occurrence is associated with electron trapping and recombination
processes related to F centres. These arguments are in agreement with
the experimental data presented in Fig. 5b.
Up to the present, we have studied only integral effect of the TSL
build-up connected with deep traps in aluminum oxide. At the same
time, in order to confirm the adequacy of the model considered in the
present paper, it is interesting to study the build-up effect for separate
spectral components of TSL. The emission spectra of TSL at the tem-
peratures related to DT1 traps were measured in the UV-irradiated
Al2O3 single. The typical emission spectrum (see Fig. 6) contains three
bands peaked at 2.91, 2.25 and 1.78 eV. The emission at 2.91 eV is
dominant and well coincides with the luminescence band of F centres in
Al2O3 (Evans et al., 1994). The luminescence band with a maximum at
Fig. 3. Fragments of the normalized TSL curves from Fig. 2 typical of the
bleaching of deep traps at T=610–740 K in the samples of group A and B,
respectively.
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1.78 eV is rather weak and consists of a narrow R-line of impurity Cr3+
ions (Singh et al., 2012). The luminescence at 2.25 eV can be associated
with the aggregate F22+ centres (an oxygen divacancy with two cap-
tured electrons) (Izerrouken and Benyahia, 2010). Note that the emis-
sion of aggregated F22+ centres was registered earlier in the emission
spectrum of TSL connected with DT1 in X-ray irradiated Al2O3 single
crystals (Kortov et al., 2017).
To verify the model of TSL build-up, which involves the process of
the thermal ionization of F centres, the decay of TSL at the increasing
part of DT1-related peak was measured for the emissions of F (2.91 eV)
and F22+ (2.25 eV) centres as well as Cr3+ ions (1.78 eV). According to
Fig. 7, the TSL detected for the emission of F22+ centres and Cr3+
impurity ions is characterized by the same decay kinetics. A slight in-
itial increase of TSL intensity is associated with insignificant fluctua-
tions during establishing a selected temperature Tis for the isothermal
measurement. To confirm this statement, the temperature dependence
of apparatus response for the setup used is also presented in Fig. 7. At
the same time, decay kinetics for the F-centre emission differs
Fig. 4. Isothermal decay of TSL at different temperatures Tis for the samples of group A (Tm =660 K) (a) and B (Tm =700 K) (b) after electron irradiation with the
dose of 15 kGy. The heating rate was 2 K/s.
Fig. 5. Isothermal decay of the TSL related to DT1 traps at different temperatures Tis in the samples irradiated with a pulsed electron beam to the dose of 15 kGy (a)
and UV light (b). The heating rate was 2 K/s.
Fig. 6. Emission spectrum of the TSL at 560–580 К in an UV-irradiated sample.
Fig. 7. Isothermal decay of the TSL at 532 K (DT1 traps) measured for the
emission of F and F22+ centres or Cr3+ ions in an UV-irradiated sample as well
as temperature dependence of apparatus response for the setup used. The
heating rate was 0.5 K/s.
S.V. Nikiforov et al. Radiation Measurements 122 (2019) 29–33
32
significantly from those for other emissions. There is a long build-up of
200 s for the F-centre emission (see Fig. 7), which can be considered as
a direct proof of the involvement of thermal ionization of the F-centre
excited states. Low intensity of the TSL build-up in the F-centre emis-
sion (Fig. 7) compared with the build-up of the integral TSL intensity
(see Fig. 5b) is associated with a lower rate of the preliminary heating
used at the measurement for the spectral components of TSL. A similar
situation was discussed earlier in (Nikiforov et al., 2017). A decrease in
heating rate leads to a shift of the TSL peak towards lower tempera-
tures. This circumstance, in turn, causes a lower occupation of the traps
by electrons at the beginning of the isothermal heating and, conse-
quently, a lower electron concentration in the conduction band and a
drop in the intensity of the TSL build-up.
4. Conclusion
1. New features of TSL related to deep traps in α-Al2O3 single crystals
irradiated by a pulsed electron beam are established. TSL of deep
traps at T= 630–750 K is characterized by a complex structure
containing at least two elementary components at 660 and 700 K.
Isothermal build-up of TSL is observed only in the samples char-
acterized by the presence of the high-temperature component with
Tm=700 K.
2. The isothermal build-up of TSL at 573 K is well expressed in UV-
irradiated samples and is very weak after the sample irradiation by a
pulsed electron beam. This difference can be explained by the fact
that only electron traps are filled due to the ionization of the excited
F centres in the samples exposed to UV radiation. On the other hand,
in the case of electron irradiation, the hole centres are also popu-
lated alongside with electron ones by the radiation-induced elec-
tron-hole pairs. As a result, in contrast to the case of UV-irradiated
samples, the hole processes mask up the TSL build-up.
3. The obtained results confirm the kinetic model of TSL build-up that
takes into account the process of thermal ionization of the excited
states of F centres in aluminum oxide. A noticeable build-up of TSL
at 573 K measured for the F-centre emission as well as the absence of
this effect for the luminescence of F22+ centres and chromium ions
is a direct verification of the proposed model.
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